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ABSTRACT 
 Platinum and Pt alloys are among the most important heterogeneous catalysts for many 
organic reactions and electrochemical reactions associated with the fuel cell technologies.  How 
to reduce Pt usage while maintaining the performance of the catalysts becomes a subject for 
intensive research in materials chemistry. For heterogeneous catalysis, the catalytic reactivity 
and selectivity are strongly correlated with different crystallographic facets exposed on the 
surface. The facets with high-index planes whose Miller indices with at one is larger than unity 
are generally more active than those with low-index planes (e.g., {100}, {111}, and {110}). 
Tuning the morphology of the nanoparticles to expose more high-index planes on the surface can 
improve the catalytic activity of the nanoparticles. As compared to isotropic nanoparticles, the 
branched nanostructures are the promising morphology that can improve both the activity and 
stability of the catalysts. In this work, a two-step polyol synthesis has been developed to 
synthesize the branched nanostructures of Pt at high-yield. This two-step process involves a slow 
reduction using ethylene glycol in the presence of oxidative etchants, following by a fast 
reduction using ascorbic acid. The slow reduction kinetics facilitates the formation of 
cubooctahedral single-crystal seeds while the fast reduction kinetics allows for the overgrowth of 
nanocrystals along the {111} facets in a short period of time, resulting in the branched 
nanostructures.  By co-reducing Pt and Cu precursors, this approach has been demonstrated to 
synthesize the Pt-Cu dendritic nanostructures for the first time. The catalytic activity of these Pt 
and Pt-Cu nanostructures has been studied for MOR. It was found that Pt branched 
nanostructures reduced the CO-poisoning as compared to the Pt/C and the dendritic Pt-Cu 
nanostructures showed both enhanced resistance of CO-poisoning and improved efficiency of 
ethanol oxidation.   
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Chapter 1: Introduction 
 
1.1. The Importance of Platinum and Their Alloys 
  
Platinum is a precious transition metal that has excellent catalytic and electrical properties, as 
well as superior resistant characteristics to corrosion.  It has been widely used as catalysts in 
chemical,1 petrochemical,2 pharmaceutical,3 electronic,4 and automotive industries.5 For 
example, Pt can effectively catalyze many organic reactions such as in isomerization6 and 
hydrogenation.3 Platinum is one of the three main components the catalytic converter in exhaust 
system for automobile to oxidize the toxic pollutants (e.g. CO) to less toxic compounds (e.g. 
CO2). Platinum is the best monometallic catalysts for fuel cell applications. It is often used as the 
gold standard for the comparison of catalytic activities for the half-reactions related to the fuel 
cell technologies, such as oxygen reduction reaction (ORR), hydrogen oxidation reaction, 
methanol oxidation reaction (MOR), formic acid oxidation reaction (FAOR), and ethanol 
oxidation reaction (EOR).7, 8, 9 Being a precious metal, Pt is costly which leads to the high cost of 
the Pt-based technologies.10 For commercialization, it is important to reduce the cost of catalysts 
by increasing the mass activity of Pt or completely eliminate the use of non-precious metal. The 
performance of the catalysts without non-precious metals is very poor compared to Pt. Therefore, 
the scope of this work focuses on the improvement of catalytic performance of Pt catalysts. The 
mass activity of Pt can be improved by increasing the number of active sites in pure Pt 
nanocrystals and/or by alloying Pt with the low-cost metal (i.e. Cu). The goal is to synthesize Pt 
and Pt-Cu nanostructures with enhanced catalytic properties. The catalytic performance of the 
nanostructures is evaluated on MOR, the anode reaction in the direct methanol fuel cell (DMFC). 
1.2. Synthesis of Platinum and Their Alloys 
1.2.1. Synthesis Platinum Nanostructures 
For pure Pt catalyst, the catalytic property can be tuned by the morphology of nanoparticles. 
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The facets with large amount of steps, ledges, and kinks are catalytically more active than the 
low index facets, such as {100}, {111}, and {110}.11 The atoms at steps, ledges and kinks have 
less neighbor atoms or low coordination number.12 This alters their electronic structures, 
resulting in the change of catalytic reactivity and selectivity. In the past two decades, much 
progress has been made on the synthesis of Pt nanostructures. El-Sayed and co-workers were the 
first to demonstrate the shape-controlled synthesis of Pt nanoparticles.1 In this method, the final 
shape of Pt was controlled by changing the concentration of the capping ligand and the pH of the 
reaction solution. By tuning these parameters, several shapes of Pt were obtained including 
tetrahedra, polyhedra, and cubes. Many efforts have been devoted to the shape-controlled 
synthesis of Pt nanoparticles based off of the result found in those early experiments. The Pt 
nanostructures are synthesized by reducing a Pt precursor in different solvent systems such as 
aqueous solution, polyol, or non-polar solvents. 
Figure 1-1 summarizes various shapes of single crystalline Pt that have already been made 
and their relationship. Pt possesses a face-centered-cubic (fcc) crystal structure. For such 
structure, the surface energies associated with the low-index crystallographic planes are in the 
?????? ??? ??????? ?? ??????? ?? ???????13 Based on Wulff construction mechanism, the 
thermodynamically-favored shape is the truncated octahedron.14  The optimal truncation meets 
?????????????????????????????????????????d(111), where d represents the distance from the facet to 
the center of the particle and this parameter reflects the ratio of growth rates along {100} and 
{111} directions.15  The ratio of these two growth rates can be defined as R, which changes from 
0.58 for a cube to 0.87 for a cuboctahedron and 1.73 for an octahedron. It is possible to alter 
surface energies by changing the capping ligand and/or oxidative etching, thereby changing the 
growth rates along different directions. As a result, different morphologies were obtained, such 
as cubes bounded by {100}, as well as octahedra and tetrahedra bounded by {111}.15 The 
3Figure 1-1. Commonly observed Pt single crystal nanostructures.
polyhedra can evolve into multipods through overgrowth from the corners of polyhedra by 
controlling the reduction kinetics. On the other hand, if the initial seeds adopt a twinned structure 
rather than single-crystalline structure, the resultant final shapes of the nanocrystals are found to 
be decahedra and icosahedra.16 However, the twinned structures have high internal energies and 
surface defects. As a 
result, they are easily to 
be oxidized in the case 
of Pt.17
The presence of 
oxidative etchants is 
essential to control the 
overgrowth of Pt on the 
single-crystalline seeds. 
In this case, the 
twinned seeds could be eliminated from the initial nucleation step by the oxidizing agents. The 
reduction kinetics becomes very slow because the single crystal nuclei can be oxidized by the 
etchant back into Pt ions. In order for overgrowth to occur, two criteria have to be met: a low 
concentration of seeds and a high concentration of free Pt ions. As a result, the Pt precursors then 
slowly reduced and deposited onto the more energetically favorable {111} facets and grow along 
???? ?????? ??? ??????? ????????? ??????????? ???????????????18 If one or more {111} directions 
were blocked due to the coalescence of particles, it is possible to stimulate the growth in one 
dimension and result in the formation of nanowires.19 The one-dimensional structures are 
expected to enhance the catalytic activity and stability as compared to nanoparticles.20 Recently, 
Wang and co-workers have demonstrated for the first time that the tetrahexahedra enclosed by 
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high-index facets (e.g., {730}, {210}, and {520}) were synthesized by electrochemical treatment 
of Pt nanospheres.12 Although it is hard to scale up this approach the production of Pt 
nanostructures, the existence of these high-index facets provide more active sites for improving 
the electrocatalytic activity as compared to the nanoparticles. 
1.2.2. Synthesis of Pt Alloys 
Co-reduction method is general used for the synthesis of Pt alloyed nanoparticles, such 
as, Pt-Co21, Pt-Ni22, Pt-Cu23, Pt-Pd24 and Pt-Fe25. The structures of bimetallic NCs are 
complicated and multiform. According to the mixing pattern of two different metals, three main 
types of structures can be identified for bimetallic NCs, that is, core/shell, heterostructure, or 
intermetallic and alloyed structures.26 For the formation of core/shell one type of metal ion is 
reduced first and forms the inner core, another type of metal atoms prefers to nucleate and grow 
surrounding the core to form a shell because separate nucleation is more difficult. Under certain 
conditions they grow of two types of metal atoms can occur. If the two metals share a mixed 
interface during the growth process heterostructure form. For intermetallics and alloys are 
different from these other two nanocrystals. Intermetallics and alloys are a homogeneous mixture 
of two metals and metal-metal bonds form.27 In a co-reduction method for forming intermetallic 
or alloyed nanocrystals generally the process of reducing two metal salts together in a solvent is 
used. However, it is difficult to simultaneously control the reduction and nucleation process of 
two types of metals because their redox potential and chemical behaviors are different. In order 
to avoid separate nucleation of two metals, a proper reducing agent and reaction system must be 
selected.28 If a strong reducing agent such as hydrazine is used both metals can be reduced at the 
same time. However, if there is an absence of a proper surfactant it becomes difficult to separate 
the nucleation and growth process as well as prevent the particles from aggregating. In some 
experiments it has been found that using a very strong reducing agent like NaBH4 can cause 
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many aggregates. These aggregates are caused by the fact that the two types of metal ions are 
reduced instantly in the reaction solution which results in separated nucleation of the metals.29 
Using NaBH4 can still be used for the co-reduction method to form alloys when the correct 
surfactants or polymeric ligands are selected. Schaak and co-workers have done a series of 
excellent work on controllable synthesis of nanocrystalline bimetallic compounds by co-
reduction method using NaBH4 as the reducing agent.30  
Usually a weak reducing agent is used as it is more controllable during the co-reduction 
process. Yang and co-workers have synthesized Pt3Ni nanocrystals with exposed {111} facets 
using Pt(acac)2 and Ni(acac)2 as the precursors and borane-tert-butylamine complex (TBAB) and 
hexadecanediol as the reducing agents.31 The main strategy for controlling the structure of 
bimetallic nanocrystals using co-reduction is utilizing the different redox potentials of the two 
metals. Generally, the metal species with higher redox potential are reduced first. After the 
reduction of the second metal, its chemical behavior determines the final structure of products. 
When the second metal atoms diffuse into the crystal lattice of the first metal and lead to the 
formation of metal-metal bonds, intermetallic or alloyed compounds will be synthesized.26 The 
co-reduction process in solution system is very effective in preparing high-quality NCs with 
tunable size because the growth rate of clusters can be well controlled by adding proper 
surfactants, polymers, foreign ions, or ligands and adjusting other reaction parameters which can 
affect the redox potentials of the metals in the solution. Recently the Schaak group has been able 
to synthesize Cu-Pt nanorods with tunable size. The reaction consist of the metal salt precursors 
in a solution of oleic acid, oleylamine, and octadecene.32 The oleylamine is important as it can 
stabilize the {100} facets and leads to crystal growth along the {111} direction. As a result the 
concentration of the oleylamine can influence the size of the nanorods. The influence is 
presumably due to the different adsorption energy to the crystal surface among these surfactants 
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and solvents which can inhibit the incorporation rate of growth units onto the crystal surfaces 
and change relative crystal growth rates.26 Using a similar synthesis Xia has found that the 
morphology of the nanocrystals can be controlled using the co-reduction method.33 Their group 
found that the control over crystal structure and final shape of Pd-Pt bimetallic NCs could be 
achieved via a kinetically controlled co-reduction synthesis using different reducing agents such 
as PVP and ethylene glycol (EG). PVP is a weak reducing reagent and slow the nucleation of the 
atoms making the formed clusters in the nucleation stage more easily coalesce which can create 
twinned nuclei. The subsequent growth of twinned nuclei will lead to the formation of star-
shaped decahedrons and  triangular nanoplates with truncation at twin boundaries.34 In 
comparison, when EG is used as the reducing agent instead of PVP, a co-reduction process at a 
relatively high rate will occur. The fast formation of metal atoms leads to a drastic increase of the 
degree of initial supersaturation and therefore the rapid growth of the nuclei. They finally evolve 
into single crystal with a truncated octahedral shape enclosed by a mix of {111} and {100} 
planes.16  
The composition of bimetallic NCs can be usually controlled by changing the molar ratio 
of two metal precursors. However, the composition of final products is not exactly consistent 
with the feeding ratio in most cases due to the incomplete diffusion of the second metal into the 
first preformed metal. The diffusion process is greatly influenced by the reaction temperature, 
time, and some other factors.26 A recent example by the Sun group synthesized Au-Ag alloy 
nanoparticles in which the molar ration of the AgNO3 and HAuCl4 were used at 10:1 molar 
ratio.35 The metals were reduced using an oleylamine and octadecene method like the one 
described by the Schaak group. The resulting alloy was Au0.82Ag0.18 because the redox potential 
of Au is much higher than Ag only a small portion of Ag was incorporated into the alloy. When 
they prolonged the reaction time from 0.5 h to 1 h the alloy formed had more Ag than before, 
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Figure 1-2. Simplified general 
photovoltaic cell construction.5 
Au0.60Ag0.40. They also saw that by changing the precursor AgNO3 and HAuCl4 ratios from 10:1 
mol ratio to 20:1 mol ratio the resulting ratio was Au0.39Ag0.61. 
Other groups have found that changing the mol ratio of the metal precursor can also have 
an influence on the final shape of the nanocrystals this is due to there being a difference in 
thermodynamic and kinetic characteristics between two 
metals in alloys.26 The Yang group has found that the 
formation of Pt-Ag nanowires by co-reduction of 
Pt(acac)2 and silver stearate (Ag(St)) using oleic acid and 
oleylamine can have very different final crystalline shapes 
and compositions depending on if the precursor mol ratio 
is increased or decreased.36 According to their 
transmission electron microscope (TEM) results, the 
growth of nanowires undergoes an oriented attachment 
process which is mostly driven by the interplay between 
the binding energy of capping agents on alloy surfaces and the diffusion of atoms at the interface 
upon the collision of primary nanoparticles. Other factors in the reaction were also contributing 
but no conclusion to what exactly was the cause was determined but the mol ratio of the 
precursor had a large impact on the final shape.36 These co-reduction synthesis methods are 
complex and have many factors impacting the results. Each system takes great time and effort to 
investigate the entire mechanism of growth and alloy formation.  
1.3. Platinum and Their Alloys for Fuel Cell Applications 
1.3.1. Fuel Cells 
The fuel cell is an emerging technology for energy conversion using the renewable energy 
sources. There are different types of fuel cell, such as alkali (AFC), molten carbonate (MCFC), 
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Figure 1-3. Reaction scheme and schematic of direct 
methanol fuel cell.10 
phosphoric acid (PAFC), solid oxide (SOFC), and proton exchange membrane (PEMFC). 
Among them, PEMFC is the most promising technology for commercialization as power supply 
source for automobiles and portable electronic devices. The PEMFC consist of two electrode 
compartments: anode and cathode with a PEM for separation that allows proton transferring 
from anode to cathode (Fig. 1-2). In this case, hydrogen is used as fuel. The two half reactions 
for hydrogen PEMFC are as follows: 
Anode:  H2 ????+ + 2e- (1) 
Cathode: ½O2 + 2H+ + 2e- ???2O (2)
Overall:  H2 + ½O2 ???2O (3) 
During operation, water vapor is the only product of the hydrogen PEMFC. Therefore, this 
technology is a truly “clean 
technology.” However, the 
production, transportation, and 
storage of H2 remain to be 
challenging in its practical 
use.37 
Alternatively, the H2 fuel 
can be replaced by small 
organic molecules, such as 
methanol, to assemble as direct 
methanol fuel cell (DMFC), as 
shown in Figure 1-3. This type of fuel cell has drawn much attention over the last twenty years 
due to their ability to use a more stable fuel source while still maintaining reasonable power 
output.38 In this case, the anode reaction in acidic medium is as follows: 
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Anode:  CH3OH + H2?? ???2 + 6H+ + 6e-  (4) 
Theoretically, the reduction potential of methanol is the same order of that of hydrogen, 
making methanol a good candidate to generate the similar cell potential output.39 However, the 
oxidation of methanol on the Pt has very slow kinetics, although Pt is by far the most active 
monometallic catalyst for this reaction. The slow kinetics requires high overpotential for the 
methanol oxidation to occur, thereby reducing the overall cell output potential. It has been found 
that the slow kinetics was the result of incomplete oxidation, yielding the intermediates. These 
intermediates poison the Pt catalysts and largely reduce the catalytic activity. Therefore, we use 
the electrooxidation of methanol as a model reaction to test the performance of our catalysts.  
1.3.2. Electrooxidation of Methanol 
There are different pathways involving several intermediates in the electrooxidation of 
methanol. The mechanism is proposed as follows.38, 40 
Pt + (CH3???? ???-(CH3OH)ad    (5) 
Pt-(CH3OH)ad ????-????2OH)ad + H+aq + e-   (6a) 
or 
Pt-(CH3OH)ad ????-(CH3???ad + H+aq + e-  (6b) 
Pt-????2OH)ad ????-???????ad + H+aq + e-  (7a) 
or 
Pt-???????ad ????-(CH2???ad +  H+aq + e-   (7b) 
Pt-???????ad ????-?????????????+aq + e-   (8a) 
or 
Pt-(CH2???ad ????-??????ad + H+aq + e-   (8b) 
??????????ad  could be dissociated on pure platinum according to the following reaction: 
Pt-??????ad ????-?????ad + H+aq + e-   (9) 
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The strongly adsorbed CO-like species formed during reaction 9 are the major poisoning 
species.40 In order to weaken the adsorption of CO-like species on Pt electrode, an oxophilic 
metal (e.g. Ru) was proposed to alloy with Pt to activate H2O for methanol oxidation described 
as a bifunctional mechanism.  
Ru + H2?? ???ad + H+ + e-     (10) 
and 
COad + OHad ????2 + H+ + e-   (11) 
The presence of Ru in the alloy allows for the activation of water in the reaction mixture, to form 
adsorbed hydroxyl species on the catalyst surface. The adsorbed hydroxyl species on Ru react 
with the adsorbed CO species on Pt, forming CO2, easily desorbed from the surface of the 
catalysts as in reaction 11. Although Pt-Ru catalysts largely resist the CO-poisoning, the 
overpotential remains high and the catalysts are still costly due to the use of precious metals.  
There is still room to improve the mass activity of catalysts with reduced cost for methanol 
oxidation.  
1.4. Objectives and Overviews 
The objective of this work is to develop synthetic methodology for preparation of Pt and Pt-
alloys with branched nanostructures as promising catalysts for heterogeneous catalysis. In this 
work, a two-step polyol synthesis has been developed to synthesize the branched nanostructures 
of Pt at high-yield. The reaction mechanism is systematically studied to optimize the reaction 
parameter for the production of branched nanostructures. This newly-developed protocol is 
further developed for co-reduction of Pt and other metal precursors to synthesize the alloyed 
dendritic nanostructures with initial demonstration of Pt-Cu. The catalytic performance of these 
nanostructures is investigated using methanol electrooxidation and the structure-property 
relationship is established.  
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Chapter 2: Synthesis and Characterization of Pt Branched Nanostructures 
 
2.1. Introduction 
Pt plays a pivotal role in many applications due to its unique physical and chemical 
properties.1 Primary interests in Pt are its uses in PEMFC. For example, Pt is by far the best 
monometallic catalyst for methanol electrooxidation.2,3  To improve the catalytic activity of pure 
Pt,  one of the strategies is to increase the number of high-index facets on the Pt surface.4 These 
high index planes have a high density of atomic steps, ledges, and kinks, which serve as active 
sites for breaking chemical bonds.5,6 Wang and co-workers have demonstrated for the first time 
that the tetrahexahedra enclosed by high-index facets (e.g., {730}, {210}, and {520}) were 
synthesized by electrochemical treatment of Pt nanospheres. However, this approach is hard to 
scale up.4 There are a number of different methods that have developed to produce Pt 
nanostructures including cubes, tetrahedra, octahedra, and their overgrowth structures.7,8,9 
Among these methods, the polyol synthesis is an environment-friendly approach that can control 
the shapes of Pt nanostructures at large-scale quantity.10,11 In this approach, ethylene glycol, 
serves as a reducing agent and a solvent, while polypyrrolidone (PVP) acts as a stabilizer. A 
trace amount of Fe3+ and O2 in the air are the oxidative etchants to retard the reduction kinetics, 
resulting in the overgrowth of the nanocrystals into branched and one-dimensional structures. 
Although this approach is proven to be a robust method to produce branched structures, the 
overall yield of this reaction is relatively-low and the reaction needs to be performed in a long-
period of time because of the slow reduction rate. In this work, we have further developed this 
polyol synthesis by using a two-step mechanism involving an initial slow reduction, following by 
a fast reduction. Using this modified approach, the branched nanostructures can be synthesized 
in high yield at a shorter period of time. 
2.2. Experimental 
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2.2.1. Materials. Dihydrogen hexachloroplatinate hexahydrate (H2PtCl6???2O)6, Alfa), 
????????????????????? ???????????? ?????????????????????? ????????????? ????? ?????? ?????????
???????????????????????????????????????????????????????????????????????????????? ? ??????????????
Baker), ferric chloride (FeCl3, Spectrum), nitric acid (HNO3, ????????? ?????? ??????? ???????
sodium chloride (NaCl, Alfa), citric acid (C6H8O7, Alfa), sodium borohydride (NaBH4, Alfa), 
????????????????????? ???????????? ???????????????? ????????????????????? ??????????? ????
8,000 Alfa), ascorbic acid (AA, EM Science), ac????? ????? ???????????????????? ??????????? ?????
(HClO4?? ????????????????????????????? ???????? ???????????????? ???????????? ????3)2CO, EMD 
Chemicals) were used without further purification.  
2.2.2. Synthesis of Pt Nanostructures. This method is a two-step procedure modified from the 
previous polyol synthesis reported by Chen, J. et.al.10,11 In a typical synthesis, 4 mL of ethylene 
glycol (EG) was added to a 25-mL three-neck round-bottom flask equipped with a water-cooling 
condenser and heated to 110 oC. After 1 h, 2 mL of 32 mM H2PtCl6?6H2O in EG (33 mg, 64 
?????????????????????????????????????????????????? ???????????????????????????????????????
added to the EG, followed by adding 0.1 mL of 200 mM FeCl3 in EG, 0.5 mL of 6 mM HCl in 
EG, and 2 mL of 32 mM of CuCl2 (8.5 mg, 63 ?mol) in EG. The reaction mixture was then 
maintained at 110 oC for a certain period of time varying from 2 to 24 h. The color of the 
reaction was changed from golden yellow to green yellow, indicating the reduction of Pt 
precursor. After this initial period of slow reduction, 0.5 mL of 500 mM of ascorbic acid was 
added to the reaction mixture to introduce a fast reduction as a second step. Within 15 min, the 
color of the reaction mixture was changed from green yellow to dark brown, indicating the 
formation of nanoparticles. The product was then precipitated out by 5 times of acetone and 
centrifugation, followed by washing twice with ethanol. The final pellet was suspended in ?????
water for further use.  
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To study the role of HCl, all parameters of the synthesis were kept the same except that an 
additional solution was injected to the reaction at the stage of the addition of H2PtCl6, PVP 55K, 
and FeCl3 ???????????????????????????????????????????????????????????????????????????????????????
???????? ??? ??? ??? ???????????? ??? ??? ??? ??????????????? ???? ??? ??? ??? ????????????3, 
respectively.   
For the time course study of the slow reduction, all parameters of the synthesis were kept the 
same except that the reaction time for the slow reduction step varied from 2, to 5, 10, 15, 20, 45, 
60, 720, and 1080 min.  
To study the reducing power of the reducing agent, all parameters of the synthesis were kept 
the same except that different reducing agents were used in the second step including citric acid 
(50 mM) in 0.5 mL EG, NaBH4 (100 mM) in 0.5 mL EG, and NaBH4 (5 mM) in 0.5 mL EG, 
respectively.  
To study the effect of oxygen, all parameters of the synthesis were kept the same except that 
the reaction was performed under argon.  
To further separate the individual branched nanostructures from the large agglomerates, the 
product was centrifuged at 5,500 rcf for 10 min. The supernatant contains the branched 
nanostructures and the precipitate contains the large agglomerates.  
2.2.3. Instrumentation. TEM images were taken on a JEOL 100 CX electron microscope using 
?? ???? ??? ????????????? ????????? ???? ??????? ???? ????????? ??? ????????? ?? ??? ??? ?????????????
aqueous suspension on a formvar-coated copper grid. The grid was dried in air either held by a 
self-closed tweezers or on filter paper. X-ray diffraction (XRD) patterns were acquired using a 
Rigaku MiniFlex X-ray diffractometer equipped with Cu K? radiation source operated at 30 
kV/15 mA. The concentrations of Pt and other metals were determined using a GBC 932 atomic 
??????????? ????????????? ?????????? ???????? ????? ???? ??? ????????????? ??????????????? ?????????
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with aqua regia (3:1 v/v ratio of HCl and HNO3) before dilution in the matrix for the AAS 
measurement. The calibration curve was used to determine the concentration of Pt nanoparticle 
sample. UV-vis spectra were taken on an HP 8453 UV-visible spectrophotometer.  
2.2.4. Electrocatalytic Activity of Pt Nanostructures. The electrocatalytic activity of the Pt-Cu 
?????????????? ???? ??????????? ????? ???? ????? ?????????? ????? ?????????????? ??? ???????
voltammetry (CV) and chronoamperometry (CA) on a CHI760 electrochemical workstation at 
room temperature. The measurements were performed using a three-electrode cell with the 
Ag/AgCl/1.0 M KCl electrode (Eo ?? -0.294 V vs. RHE) and Pt wire as reference and counter 
electrode, respectively. Glassy carbon disk (0.070 cm2) was polished to a mirror finish before 
each experiment and was used as substrate for the working electrode. The catalyst suspension 
was prepared by mixing 1:1 volume of 0.4 mgPt???? ????????????? ??????????? ????? ????? ????
?????????????????????????????????????????????????????????????????????????????????????????????????
glassy carbon substrate, ?????????????????????????????????????g/cm2. The working electrode was 
dried at room temperature. The electrochemical active surface area (ECSA) was determined from 
CV profile obtained at a scan rate of 50 mV/s in 0.1 M HClO4 solution. The methanol oxidation 
was carried out in a solution containing 1.0 M CH3OH and 0.1 M HClO4 at a scan rate of 50 
mV/s. The CA was recorded at 0.9 V vs. RHE in a solution containing 1.0 M CH3OH and 0.1 M 
HClO4. The electrochemical dealloying process was carried out at a scan rate of 50 mV/s with 
the potential range from 0 to 1.2 V vs. RHE in 0.1 M HClO4 solution. After a certain number of 
cycles, the CV profile was recorded at a scan rate of 50 mV/s.  
2.3. Results and Discussion 
2.3.1. Synthesis 
Figure 2-1 illustrates the over strategy of the two-step process involving a slow reduction by EG  
 
and a fast reduction by AA. In the first step, EG, a very mild reducing agent, allows for a slow 
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 reduction Pt(IV) ions to Pt(II) ions. During the preheating process, EG was oxidized by air to 
generate a small amount of glycolaldehyde (GA).12 
2HOCH2CH2OH + O2 ???????2CHO + 2H2O   (1) 
The Pt(IV) precursor was reduced by GA to Pt(II) ions and Pt(0).11 The reduction kinetics was 
controlled by adding a trace amount of Fe(III), which could oxidize the Pt(0) back to Pt(II).10 
This oxidative agent combined with the capping agent PVP 55K could eliminate the twinned 
seed and activate the {111} facets for overgrowth. In the second step, AA was used as a reducing 
agent for rapidly reducing the precursors on the activated seeds for overgrowth in a short-period 
of time. The overgrowth of the single-crystalline seeds leads to a high yield of branch 
nanostructures. The effects of each parameter on synthesis will be discussed in the following 
subsections. 
2.3.1.1. Slow Reduction Step                                                                                                                
  The slow reduction is the key step to induce the overgrowth of single-crystalline seeds for 
the formation of branched nanostructures. The retardation of the reduction kinetics is controlled 
by Fe (III)/Fe(II) ion redox species and oxygen in the air. In order to determine the optimal time 
for the slow reduction process we performed a time-course study at which a stronger reducing 
agent was added to complete the reaction, Figure 2-2 shows TEM images of the branched 
nanostructures. Samples, A-I, were prepared by slowly reducing in EG at 110 °C followed by 
fast reducing by AA at a final concentration of 3.84 mM for 30 min. At short slow reduction 
 
 
 
Figure 2-1. Schematic illustration of the overall strategy for the synthesis of Pt nanostructures 
via a two-step reduction process. 
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??????????????????????????????products were star-shaped. As the slow reduction time extended to 
12 h the nanoparticle started to branch out a little more and coalescence.  Figure 2-3 shows a 
time course study for the slow reduction step using UV-vis spectroscopy. Previous studies have 
shown that the presence of Pt(IV), Pt(II), and Pt(0) species can be monitored using UV-vis.11 The 
peak at 267 nm can be assigned to Pt(IV), while the peak at 247 nm is associated with Pt(II).13
During the slow reduction step the concentration of Pt(0) is very low therefore there is no 
detectable peak for Pt(0) in this case.10 The absorbance of Pt(IV) experienced decreases 
dramatically at one hour this is accompanied with the rise of the peak at 247 nm indicating that 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-2. TEM images of the samples synthesized by reducing in EG at different time 
periods followed by fast reducing in AA for 30 min: (A) 2; (B) 5; (C) 10; (D) 15; (E) 20; (F) 
45; (G) 60; (H) 720; and (I) 1080 min. 
20
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-3.  (A) UV-vis spectra of sample aliquots 
taken from the reaction at different time points. (B) 
Plot of peak intensity as a function of time at 267 
nm (Pt(IV)) and 247 nm (Pt(II)) respectively. 
most of the Pt(IV) was reduced to Pt(II) within an hour. After that, the concentration of Pt(IV) 
remains low while the concentration of Pt(II) deceases to a plateau at 4 hr. At this time, the 
reaction solution was still a golden color and not any shade of brown which indicates the 
production of Pt(0) nanostructures was very low.10  
 To elongate the branches of 
the nanoparticles the reaction 
conditions of the slow reductions step 
needs to be altered by retarding the 
kinetics as suggested in the previous 
study. 14 Various conditions were 
examined to find out the key 
parameter for the production of 
branched nanostructures. It has been 
shown that the reducing power of the 
reactant and/or trace amounts of an 
oxidating agent can have a significant 
on the nanostructure.9, 10 For these 
reactions PEG was chosen to replace 
EG as a reducing agent and solvent 
because PEG has fewer –OH groups 
available as compared to EG at the 
same amount of solvent. Note that the 
viscosity of the reaction solution 
increased with increasing the chain length of the polymer.15  Figure 2-4 shows that the product is 
21
Figure 2-4. TEM images of Pt 
nanostructures synthesized by the two-step 
synthesis in PEG at different slow nucleation 
times, (A) 24 and (B) 54 hours. 
more branched out than the previous ones. Further extension of the reduction time led from 24 h 
to 54 h. The overgrowth of the branched structures led to large aggregates of Pt seen in Figure 2-
4 B. The cause for overgrowth is a low concentration of Pt seeds and a high concentration of free 
Pt ions loose in solution.7  
Trace amounts of substances in the 
reaction affects the morphology of the final 
products. Several factors were considered to 
play a role in the slow reduction of the 
branched structures. The addition of HCl 
produced highly branched nanostructures 
(Fig. 2-5A) while the addition of water 
generated clumps of particles (Fig. 2-5B). In 
order to determine the role of Cl- and H+ ions 
two more reactions were performed by 
replacing the HCl with NaCl (source of Cl-) 
and HNO3 (source of H+). In bithe cases, 
there were some branched particles present in 
the product, but at a low yield. Therefore we 
concluded that both Cl- and H+ ions influence the reduction kinetics to generate the dect sites for 
overgrowth. If the twinned seeds are present, then the atoms in these outer grow boundaries are 
more susceptible to oxidative etching than the single crystal seeds.14  As a result, HCl tunes the 
crystallinity of the seeds from twinned to single crystals. On the other hand, the HCl etching 
slows down the rate of atomic addition.16 At the same time, HCl activates the {111} facets in the 
single crystal seed for overgrowth resulting in the growth along the axis of the [111] plane of the 
22
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-5.  TEM images of Pt nanostructures synthesized by adding a 
small amount of additives in the two-step procedure.(A) HCl (5.285 mM 
???????????(B) H2??????????(C) ?????????????????????????????(D) 
HNO3??????????????????? 
single crystals. As the concentration increases, the number of  [111] overgrowth branches 
increases resulting in different number of branches.17 
2.3.1.2. Fast Reduction Step 
We have examined the factors in the fast reduction step including the concentration and 
the type of the secondary reducing agent. To study the effect of concentrations a series of 
experiments were 
conducted at 
different time 
periods after the 
injection of the 0.5 
mL of 500 mM 
AA, (Fig. 2-6 A-
C), 30, 15 and 12 
min., respectively. 
The experiment 
results showed 
that 15 min. is the 
optimal time for 
the fast reduction 
step that produced 
the longest and 
mostly uniform 
branched nanostructures. At the optimal condition of the fast reduction step we examined the 
slow reduction step for 12 h (Fig. 2-6D). To examine whether the reduction kinetics has an effect 
23
on the final shape of the nanoparticle different reducing agents were compared in the fast step 
reduction.18, 19, 20 The relative reducing power of these ???????????????????????????????????????????
???????NaBH4 ?? ????????4 500 mM.21 Figure 2-7, A-D, shows the TEM images of the
           
resultant products form these syntheses. When AA is used as the reducing agent, the color of the 
reaction mixture turns from green yellow to dark brown within the 15 min. However, when using 
citric acid, the color of the solution starts as a green yellow color and turns a light brown/grey 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-6.  TEM images of Pt nanostructures synthesized by maintaining the 
slow reduction step at 24 hours and changing the fast reduction time in the two-
step procedure, (A) 30, (B) 15, and (C) 12 min. (D) Fast reduction step at 12 h 
and slow reduction step at 15 min. 
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Figure 2-7. TEM images of Pt nanostructures synthesized by the two-step procedure using 
different reducing agents in the fast reduction step. (A) ?????????????????????????????(B) 
????????????????????4, and (C) 0.5 mM of 500 mM NaBH4. 
color within fifteen minutes. The darker the color the more concentrated the sample platinum 
concentration is. The small particles tend to appear as a brown color while the branched particles 
or agglomerates become black. The results are in agreement to the reducing power of each 
reducing agent. In the case of citric acid it is a weaker reducing agent as compared to AA as a 
result less Pt(0) was observed at the same reduction time. As a result, most of the product 
remains to be small particles, Figure 2-7A.14 We also examined a stronger reducing agent (e.g. 
NaBH4). The morphology of the final product depends on the concentration of the NaBH4. At 
low concentrations the reducing power of the agent is comparable to that of the AA nanoparticles 
which short branches were found (Fig. 2-7B). At high concentrations larger agglomerates were 
formed due to the coalescence of particles at very high concentrations (Fig. 2-7C). 20
2.3.1.3. Other Considerations  
 We further investigated the effects of other parameters on the shape of the product in this 
synthesis. It is known that the capping agent plays a role in controlling the shapes of the 
particles.8 The lone pair electrons on the N and O of PVP were previously found to bond to the 
surface of Pt.22, 23 We hypothesized that the chain length of the PVP could affect the shape of the 
particles. 24 To test this hypothesis different chain lengths of PVP (i.e. PVP 40K and PVP 8K) 
25
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-8.  TEM images of Pt nanostructures synthesized 
by the two-step procedure using different PVP MW in the 
fast reduction step, (A) 40K and (B) 8K. TEM images of 
Pt nanostructures synthesized by the two-step procedure 
using different PVP MW in the fast reduction step in an 
argon atmosphere, (C) 40K and (C) 8K.  
were used to replace the PVP 55K in this synthesis. Figure 2-8A and B shows the TEM images 
of the resultant products. The reaction with 44K PVP yielded nanoparticles with long branches 
along with some big agglomerates, while the reaction with 8K generated only ultra-small star-
shaped nanoparticles. This result is possibly due to the difference in both viscosity and 
interaction with particle surface. 
By lowering the MW of the 
PVP, this decreased the length 
of the polymer chain protecting 
the surface of the seeds, 
resulting in the formation of 
smaller particles. At the same 
time, the longer PVP chain is 
more viscous, thereby slowing 
down the reduction kinetics of 
the Pt ions.8 The PVP with 
longer chain length may be less 
rigid in solution. When bound to 
the surface of Pt seeds, some of 
the facets (i.e. {111}) are 
???????? ???? ??????????? ??? ???? ???????? ?????? ?????? ????????? ???? ??????????? ?????? ???? ??????
axis.25 
Previous studies have found that oxygen could be an oxidative etchant of Pt(0) for 
controlling the reduction kinetics.26 We then examined the effect of oxygen in this modified 
synthesis. The reactions were performed under an argon atmosphere. As shown in Figure 2-8, C 
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Figure 2-9.  Separating aggregates by centrifugation, (A) 
pellet and (B) supernatant. TEM sample preparation 
using different drying techniques, (C) tweezers and (D) 
filter paper.  
and D, only ultra-small particles were found in both reactions.10 Clearly, oxygen plays a major 
role in the generation of branched nanostructures by slowing down the reduction rate of Pt(0).8  
Another oxidative agent, FeCl3, was examined for controlling the shape of the 
nanoparticles.11 Without the 
addition of the Fe(III) species, the 
Pt(II) species reduces to Pt(0) 
much faster within a few hours to 
form spherical Pt nanoparticles 
autocatalytically. The Fe(III) 
species oxidizes the Pt(0) species 
back to Pt(II) which will reduce 
the supersaturation of Pt atoms in 
the solution and lower the 
likelihood of autocatalytic 
reduction occurring. If the 
concentration of the Fe(III) is 
high enough, the reduction of 
Pt(II) halts and Pt(0) nanostructures will not form autocatalytically for several weeks.27 The 
concentration of FeCl3 is critical in producing branched nanoparticles in the synthesis. For 
example, when lower concentrations (i.e. 50 mM and 100 mM) were used within the reactions no 
highly branched particles were formed.  
In a typical synthesis there are aggregates present in the products. To separate the 
aggregates from the isolated nanoparticles a centrifugation method was used. 28,29 This separation 
method is based on the mass difference between the two types of particles. At a slow 
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centrifugation speed nanoparticles with higher mass (i.e. aggregates) precipitate out of solution 
more easily than that of the lower mass (i.e. branched) nanoparticles. As a result the branched 
nanoparticles can be separated from the agglomerates remaining in the supernatant (Fig 2-9A). 
The pellet only contained large agglomerates while the supernatant was dominated by individual 
nanoparticles (Fig. 2-9B). After the product was centrifuged at 5500 rpm for 10 min. During the 
drying process on the grid the branched nanoparticles were self-assembled as a “spider web” like 
island due to the surface tension of water. These may reflect the morphology on the electrode 
surface after the drying process. To prove that the “spider web” shape is the assembly of isolated 
branched particles different sample preparation processes were used. Figure 2-9, C and D, show 
the samples prepared by drop casting on a TEM grid held by self-closing tweezers and by 
placing the grid on filter paper, respectively. The fast drying process on the filter paper should 
prevent the stacking of the nanoparticles if they are isolated particles. The result clearly indicated 
that the particles from the synthesis were made of individual branched particles (Fig. 2-9D) and 
were stacking while drying and had not grown together.  
2.3.2. Evaluation of Electrocatalytic Activity  
 The electrochemical activity of the Pt nanostructure was evaluated by the methanol 
oxidation half reaction. The samples were concentrated to 0.8 mg(Pt) / mL and the Pt/C was used 
as a standard at the same concentration. Each 0.8mg(Pt) / mL sample was diluted with Nafion to 
obtain a final concentration of 0.4mg(Pt) / mL. Nafion is used as a conductive polymer that 
prevents the particles from coming off the electrode surface. 30 Half of the each branched particle 
samples was treated by and acetic acid (mixture of 5:1 v/v nan????????????????????????????????????
h at 60 °C) to remove the surface ligand, PVP. Preliminary results had concluded that an excess 
of PVP on the surface of the nanostructures reduced the amount of current observed. A CV 
profile of each sample was obtained by sweeping from -0.4 to -0.906 V (vs. Ag/AgCl in 1M 
28
KCl) at a scan rate of 50 mV/s in 0.1 M HClO4 (Fig. 2-10A). The hydrogen desorption area 
between -0.24 to 0.0406 V (vs. Ag/AgCl in 1M KCl) was integrated and used to calculate the
electrochemical surface area (ECSA). The ECSA of each sample was plotted in the inset of Fig. 
2-10?????????????????????????????????????????????????????????????????????????????????????????????
particles. This suggested the excess PVP coverage on the electrode largely reduced the 
conductivity of the particles thereby lowering the current observed. For comparison, current 
density (current/ECSA) was calculated and plotted as a function of potential for methanol 
oxidation reaction (MOR). Because the untreated sample has extremely low surface area it was 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-11. Electrochemical measurements of Pt alloyed nanostructures before acetic acid 
treatment. (A) Cyclic voltammetric (CV) profiles in a 0.1 M HClO4 solution at 50 mV/s, inset 
is the plot of the specific electrochemical surface area for the specific alloy ratios from left to 
right, 5.65, 859.84, 1170.67 cm2. (B-C) Cyclic voltammetric and (D) Chronoamperometry 
(CA) results of MOR in a 0.1 M HClO4 and 1 MeOH solution at (B) 10 mV/s and (C) 50 
mV/s. CA curves were recorded at 1V vs. Ag/AgCl/KCl, 1M. 
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misleading to use the data for calculations of the ECSA. Therefore, we only compared the treated 
samples with Pt/C. For Figure 2-10 Pt-B untreated, Pt-B HAc, and Pt/C referred to untreated Pt 
branched nanoparticles, acetic acid treated Pt branched nanoparticles and carbon-supported Pt 
nanoparticles, respectively. Figure 2-10, B and C, show the current density versus potential at the 
different scan rates at 10 mV/s and 50 mV/s, respectively. The If/Ib ratio was calculated to be xx 
and xx for Pt-B HAc and Pt/C at a scan rate of 10 mV/s, respectively and xx and xx for Pt-B 
HAc and Pt/C at a scan rate of 50 mV/s, respectively. In both cases , the ratio of (If/Ib) of Pt-B 
HAc is higher than that of the Pt/C. It is implied that the Pt-B HAc could resist the poisoning of 
CO like intermediates.31 The positioning decreased with increased scan rate. The results are 
possible due to the presence of higher index facets in the Pt branched nanostructures. The 
chronoamperometry was also measures by plotting the current density as a function of time at 1V 
(vs. Ag/AgCl in 1M KCl). The result suggested that the Pt-B HAc was more stable than the Pt/C.  
2.4. Conclusion  
A two-step procedure synthesis was developed to successfully generate branched Pt 
nanostructures in a reasonably-high yield. In the slow step, the presence of oxidative etchants 
such as Fe(III), Cl-, and O2, are essential to obtain the single-crystalline seeds with {111} facets 
activated for overgrowth. In the second step, a stronger reducing agent, AA, was used to 
introduce a fast reduction process to shorten the reaction time and produce the branched 
nanostructure in high yield. The large agglomerates in the product could be removed from the 
product by centrifugation. The Pt branched nanostructures were studied for their electrochemical 
activity as a catalyst for MOR. As compared to the commercially-available Pt/C, the Pt branched 
nanostructures have a lower normalized ECSA/gPt possibly due to the lack of carbon support and 
the presence of agglomeration of the Pt nanostructures. The Pt branched nanostructures exhibit 
less poisoning by COad species from MOR possibly due to the presence of more active sites as 
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compared to the Pt nanoparticles. Further analysis of the nanostructures is needed.  
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Chapter 3: Synthesis and Characterization of Pt-Cu Dendritric Nanoparticles 
3.1. Introduction  
Platinum-containing bimetallic nanostructures are attractive for many applications, in 
particular, heterogeneous catalysis. For example, Pt-Cu alloyed nanoparticles have been 
predicted as bifunctional catalysts to improve the methanol oxidation. In this case, Pt is the best 
known monometallic catalyst that can activate the methanol molecule, while Cu is an excellent 
catalyst for oxidation reactions.1 The combination of the two elements in the alloy can 
synergistically activate CO on Pt and OH on Cu, thereby effectively oxidizing the CO-like 
molecules into CO2 to avoid the poisoning of the catalyst. On the other hand, the Cu can alter the 
electronic structure of Pt to promote the complete oxidation reaction. The efficiency of the 
improvement depends on the atomic arrangement in the alloy. A few examples has been shown 
that the catalytic activity of the Pt-Cu alloyed nanoparticles is dictated by their morphology such 
as nanocubes,2 hollow nanoparticles,3 nanocages,4 nanorods,5 and core-shell.6 Recent studies 
showed that the nanodendritric structures contain rich amount of active sites on their surface and 
they exhibit high activity for electrocatalysis of ORR and FAOR.7,8  In this work, we have 
developed a co-reduction method to synthesize the Pt-Cu nanodendrites for the first time. This 
approach is adapted from the synthesis developed in the Chapter 2 by introducing a secondary 
ion in the reaction. Because the electrochemical reduction of Cu/Cu2+ pair is less than that of 
Pt/Pt(IV), the Pt precursor is reduced first. As a result, the final shape of the Pt-Cu alloys is 
governed by that of the Pt seeds, forming dendritic nanostructures. We further evaluate the 
catalytic activity of these nanostructures for electrooxidation of methanol and compare with 
commercially-available Pt/C catalysts.  
3.2. Experimental 
3.2.1 Materials. Dihydrogen hexachloroplatinate hexahydrate (H2PtCl6???2O)6, Alfa), 
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polyvinylpyrrolidone ?????????? ? ???????????????????????????????????????????????????????
metal basis, Alfa), copper(II) chloride (CuCl2, Alfa), copper(II) sulfate (CuSO4, Alfa), copper(II) 
acetate (Cu(CH3COO)2, Alfa), copper(II) nitrate (Cu(NO3)2, ethylene glycol (EG, J.T. Baker), 
?????????????????????????? ? ???????????????????????????????????????????3, Spectrum), nitric acid 
(HNO3??????????? ???????????????????????????????????????????????????????????????6H8O7, Alfa), 
sodium borohydride (NaBH4, Alfa), polyvinylpyrrolidone (PV??????? ? ????????????????
?????????????????????????????? ? ????????????????????????????????????????????????????????
??????????????????????????????????????????????4??????????? ??????????????????????????????????
Koptec), and acetone ((CH3)2CO, EMD Chemicals) were used without further purification.  
3.2.2. Synthesis of Pt-Cu Nanostructures. This method is a two-step procedure modified from 
the previous polyol synthesis reported by Chen, J. et.al.9,10 and the synthesis from Chapter 2. For 
a typical synthesis, 4 mL of EG was heated at 110 °C for 1 h in a 25 mL three-neck round-
bottom flask equipped with a condenser in atmosphere. Five solutions were prepared in separate 
vials: 2 mL of H2PtCl6 (0.033g, 31.08 mmol) in EG, 2 mL of Cu(II) precursor (varied 
concentrations), 2 mL of PVP 55K (0.045g, 0.409 mmol), HCl (50 mM), and FeCl3 (200 mM) in 
EG. After ?? ??? ???? ?? of FeCl3 ???? ??? ??? ??? ???? ???? ?????? ??? ???? ?????????? ?????????? ???
injecting H2PtCl6, Cu(II) precursor, and PVP solutions simultaneously. The reaction was allowed 
heating for 24 h at 110 °C before the addition of a stronger reducing agent. The reaction mixture 
turned from orange yellow to green yellow, indicating the presence of Pt(II) and Cu(II). In the 
second step, AA (500 mM) in 0.5 mL EG was injected the reaction mixture. The reaction 
solution turned from yellow green to dark brown in 10 min, indicating the formation of Pt 
nanoparticles. The reaction was continued for another 30 min at 110 °C. The product was 
purified ????? ???? ?????????? ???? ???????? ??? ??????? ???????? ????? ??????? ?????? ?? ?? ??? the 
c???????????????????????????????????????????????????????????????????????????????????????????????
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water for further use.  
3.2.3. Instrumentation. TEM images were taken on a JEOL 100 CX electron microscope using 
?? ???? ??? ????????????? ????????? ???? ??????? ???? ????????? ??? ????????? ?? ??? ??? ?????????????
aqueous suspension on a formvar-coated copper grid. The grid was dried in air either held by a 
self-closed tweezers or on filter paper. X-ray diffraction (XRD) patterns were acquired using a 
Rigaku MiniFlex X-ray di????????????? ????????? ????? ??? ?? radiation source operated at 30 
kV/15 mA. The concentrations of Pt and other metals were determined using a GBC 932 atomic 
absorption spectrome???? ?????????? ???????? ????? ???? ??? ????????????? ??????????????? ?????????
with aqua regia (3:1 v/v ratio of HCl and HNO3) before dilution in the matrix for the AAS 
measurement. The calibration curve was used to determine the concentration of Pt nanoparticle 
sample. UV-vis spectra were taken on an HP 8453 UV-visible spectrophotometer.  
3.2.4. Electrocatalytic Activity of Pt Nanostructures. The electrocatalytic activity of the Pt-Cu 
?????????????? ???? ??????????? ????? ???? ????? ?????????? ????? ?????????????? ??? ?????c 
voltammetry (CV) and chronoamperometry (CA) on a CHI760 electrochemical workstation at 
room temperature. The measurements were performed using a three-electrode cell with the 
Ag/AgCl/1.0 M KCl electrode (Eo ?? -0.294 V vs. RHE) and Pt wire as reference and counter 
electrode, respectively. Glassy carbon disk (0.070 cm2) was polished to a mirror finish before 
each experiment and was used as substrate for the working electrode. The catalyst suspension 
was prepared by mixing 1:1 volume of 0.4 mgPt???? ????????????? ??????????? ????? ????? ????
?????????????????????????????????????????????????????????????????????????????????????????????????
??????????????????????????????????????????????????????????????g/cm2. The working electrode was 
dried at room temperature. The electrochemical active surface area (ECSA) was determined from 
CV profile obtained at a scan rate of 50 mV/s in 0.1 M HClO4 solution. The methanol oxidation 
was carried out in a solution containing 1.0 M CH3OH and 0.1 M HClO4 at a scan rate of 50 
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mV/s. The CA was recorded at 0.9 V vs. RHE in a solution containing 1.0 M CH3OH and 0.1 M 
HClO4. The electrochemical dealloying process was carried out at a scan rate of 50 mV/s with 
the potential range from 0 to 1.2 V vs. RHE in 0.1 M HClO4 solution. After a certain number of 
cycles, the CV profile was recorded at a scan rate of 50 mV/s.  
3.3. Result and Discussion 
3.1.1. Synthesis 
Figure 3-1, illustrates a co-reduction method of Pt and Cu by adding Cu precursors in the 
procedure described previously in Chapter 2. In this co-reduction approach Pt(IV) has a higher 
reduction potential as compared to Cu(II), thereby being reduced in the first step to Pt(0) and is 
etched and separated as seeds for the fast co-reduction of Pt-Cu in the second step to form Pt-Cu 
dendrite and nanostructures.10, 11 Four different Cu(II) precursors were used including, Cu(NO3)2, 
Cu(CH3COO)2, CuSO4, and CuCl2, at 1:1 mole ratio of Pt(IV) to Cu(IV).   The presence of 
different anions play a role in the final morphology of the nanostructures. For example, nitrate 
can act as an oxidizing agent.11 As a result, the seed formation in the first step was obstructed, 
because no template to guide the growth in the second step for the thermodynamically favored 
spherical particles were formed (Fig. 3-2A).12 The Cu(CH3COO)2 precursor yielded clusters of 
nanoparticles (Fig. 3-2B) while CuSO4 and CuCl2 gave individual small branched 
nanostructures. This is possibly due to the counter ions originating form a weak acid or strong 
acid.
  We then further studied the effect of the precursor ratio on the final composition of the 
 
 
Figure 3-1. Schematic illustration of the overall strategy for the synthesis of Pt-Cu alloyed 
structure via seeded co-reduction.  
37
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-2. TEM images of Pt-Cu alloyed 
nanostructures synthesized by the co-reduction method 
using different Cu precursors. (A) Cu(NO3)2, (B) 
Cu(CH3COO)2, (C)CuSO4, (D)CuCl2.  
nanostructures. For CuSO4 precursors, the morphology of the Pt-Cu nanostructures remained to 
be small branched structures or dendrites with a size of 10-20 nm (Fig. 3-3). For CuCl2, Figure 3-
4 A-D, shows the TEM images of 
the products by varying the Pt-Cu 
precursor ratio from 3:1 to 1:7. The 
nanostructure of samples in (A) 
and (B) were found to be small 
agglomerates of branched 
nanoparticles with overall size of 
~30 nm. In comparison the 
nanostructures in samples (C) and 
(D) were individual ultra-small 
branched nanoparticles with size of 
10 nm. Their XRD patterns were 
plotted in Figure 3-4 E-H.   
The composition of the Pt-Cu alloys in the final nanostructures was calculated from the 
XRD data obtained. The relative percentages of Cu and Pt can be calculated using Bragg’s Law: 
  2????? = ??     (1) 
Where n is an integer that indicates which atomic layer diffraction acquired; this value is equal to 
one. The value of ? is the wavelength of incident x-ray light on the sample, 0.154 nm. Theta, ?, is 
the angle between the incident x-ray and the scattering plane which for all calculations is the 
[111] plane because it produced the most intense signal for all XRD patterns. Finally, d 
represents the spacing between the planes in the atomic lattice and in this equation: 
? = ?????????? (2)  
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In this equation a is the lattice spacing of the cubic crystal for each element and the values can be 
looked up based off of well documented experiments.13 Terms h, k, and l are the Miller indices  
of the Braggs plane. Equation 1 and 2 can be combined to come up with the relation in Equation 
3:  
? ????
? = ???? ????????? (3)                                                        
Using the relationship in Equation 3 the lattice spacing, a, can be calculated for each alloy 
sample.   The percentage of the Pt and Cu in the alloys can be calculated using the crystal 
spacing for Pt and Cu. The equation relating a bimetallic alloy is Vegard’s Law14:  
?????? = ???? + (1? ?)??? (4) 
Figure 3-3. TEM images of Pt-Cu alloyed nanostructures synthesized by the seeded co-
reduction method at different precursor ratios of   H2PtCl6 : CuSO4. (A) 2-1, (B) 3-2, (C) 1-1, 
(D) 1-2.  E-H the corresponding XRD patterns for the samples in A-D, respectively. 
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In Equation 4, ??????????????????????????????????Pt in the alloy sample. The values of ?Pt ????????
Å and ?Cu ?????????. The value of ?alloy is measured from the XRD patters.  The mole fraction for 
Cu was calculated assuming:  
 1 - ?(Pt) ???(Cu)    (5) 
The results of each synthesis were summarized in Table 3-1. The composition in either 
case, CuSO4 or CuCl2 appeared to be random.  The precursor ratio has little effect on the final 
composition of Pt-Cu in the alloy at this temperature. To further verify the composition of the 
alloy the atomic absorption spectroscopy (AAS) was performed on each sample. The results for 
the CuCl2 synthesis samples are listed in Table 3-2. This discrepancy between the AAS and XRD 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-4. TEM images of Pt-Cu alloyed nanostructures synthesized by the co-reduction 
method at different precursor ratios of H2PtCl6 : CuCl2. (A) 3-1, (B) 1-1, (C) 1-3, (D) 1-7. E-
H the corresponding XRD patterns for the samples in A-D, respectively. 
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data might be due to the adsorption of unreacted Pt at Cu ions on the surface of nanoparticles. 
For this reason the XRD pattern is more accurate to elucidate the composition of the alloy.   
 Increasing the temperature may facilitate the alloying process during the synthesis.13, 15 
To perform the synthesis at a higher temperature the solvent was changed from EG (b.p. 197.3 
°C) to DEG (b.p. 244 °C). Figure 3-5, A-C, shows TEM images of the products from the 
reactions at 150 °C, 185 °C, and 210 °C, respectively. Due to the change of solvent and 
temperature slightly larger dendrites were formed. As temperature increased the branched 
nanoparticles became spherical at 210 °C. The XRD patterns, Fig. 3-5, D-F, indicated that the 
composition of the corresponding samples were Pt63Cu37, Pt56Cu44, and Pt80Cu20 for A, B, and C, 
respectively. This result suggested that the Pt precursor was reduced faster than the Cu precursor 
at higher temperatures. Further investigation needs to be conducted by extending the reaction 
time for the fast reduction step at 150 °C and 180 °C, respectively.  
Figure 3-5. TEM images of Pt-Cu alloy particles using different nucleation heating 
temperatures. (A) 150°C, (B) 185°C, (C) 210°C.Graphs D-F are the corresponding XRD 
spectra for images A-C, respectively. 
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Table 3-2. The list of composition 
information of the corresponding samples in 
Figure 3-4. The data was determined form 
AA measurements.
3.3.2. Electrochemical Measurements 
 The samples in Fig. 3-4, A-C, were 
further evaluated for their electrochemical 
activity on MOR. The Pt concentration of each 
samples was measured by AAS. As prepared 
the surface of nanoparticle was covered by 
PVP which is soluble in water and had to be 
removed. Generally, PVP has little effect on 
the electrocatalytic activity of nanoparticle. 16 
From the previous study in chapter 2, too much 
PVP may compromise the electrical 
conductivity. For each sample they were diluted to a final concentration of 0.4 mgPt/mL with 
nafion as was done in Chapter 2. Half of each sample ??????????????????????????????????????????
nanostructures: HAc), then heated for 3 h at 
60 °C for comparison. Figure 3-6 shows 
electrochemical measurements for three 
samples without the acetic acid treatment, 
while Figure 3-7 shows the electrochemical 
measurements for the three samples treated 
with acetic acid. From Figure 3-6 the ECSA for each sample is calculated to be Pt57Cu43 ??5.37 
cm2g-1, Pt64Cu36 ????????? cm2g-1, Pt68Cu32 ??480.95 cm2g-1?????????????1173.62 cm2g-1. After 
acetic acid treatment the ECSA appeared to increase for Pt57Cu43 ???????? cm2g-1 and Pt64Cu36 ??
4568.86 cm2g-1 but decreased for Pt68Cu32 ???????? cm2g-1. In both cases the ECSA of the 
Pt64Cu36 appeared to be the highest. This is possibly due to the morphology differences of the 
 
 
 
 
 
 
 
 
Table 3-1. The list of corresponding 
composition information of the samples in 
Figure 3-3 and 3-4. The data was 
determined from the XRD analysis.  
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nanostructures.17 Table 3-3 shows the results for the peak current densities of the forward (Jf) 
sweep and the ratios of the Jf to Jb (backward sweep) peaks. The CV profiles for each sample 
were obtained at two different scan rates, 10 mV/s and 50 mV/s. Generally, the slower the scan 
rate is the easier the adsorbed species is stripped off. As a result, the Jf/Jb decreases as the scan 
rate increases. The discrepancy is possibly due to the stability of the catalysts. In all cases, the 
Jf/Jb increases in the order of Pt57Cu43 ????68Cu32 ????64Cu36 ????????It is implied that the presence 
of Cu in the alloy improved the catalytic activity for MOR. The surface treatment and the 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-6. Electrochemical measurements of Pt-Cu alloyed nanostructures before acetic 
acid treatment. (A) Cyclic voltammetric (CV) profiles in a 0.1 M HClO4 solution at 50 mV/s, 
inset is the plot of the specific electrochemical surface area for the specific alloy ratios from 
left to right, 5.37, 2757.81, 480.95, and 1173.62 cm2. (B-C) Cyclic voltammetric and (D) 
Chronoamperometry (CA) results of MeOH oxidation in a 0.1 M HClO4 and 1 MeOH 
solution at (B) 10 mV/s and (C) 50 mV/s. CA curves were recorded at 1V vs. Ag/AgCl/KCl, 
1M.  
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morphology also play a role in the electrocatalytic activity of the catalyst which will need to be 
further analyzed. 
3.4. Conclusion 
In summary, Pt-Cu nanodendrites have been synthesized by a two-step co-reduction method 
involving a kinetically-controlled slow reduction and a subsequent fast reduction. The dendritic 
nanostructures were the result of the overgrowth on the {111} facets and the coalescence of the 
small dendritic seeds. The size and composition of the Pt-Cu nanodendrites were increased by 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-7. Electrochemical measurements of Pt-Cu alloyed nanostructures after acetic acid 
treatment. (A) Cyclic voltammetric (CV) profiles in a 0.1 M HClO4 solution at 50 mV/s, inset 
is the plot of the specific electrochemical surface area for the specific alloy ratios from left to 
right, 106.17, 4568.86, 369.70, and 1173.62 cm2. (B-C) Cyclic voltammetric and (D) 
Chronoamperometry (CA) results of MeOH oxidation in a 0.1 M HClO4 and 1 MeOH solution 
at (B) 10 mV/s and (C) 50 mV/s. CA curves were recorded at 1V vs. Ag/AgCl/KCl, 1M. 
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lengthening reaction time during the slow reduction.  This method provides a facile synthesis for 
Pt-containing alloyed nanodendrites. The Pt3Cu nanodendrites exhibit superior electrocatalytic 
activity for methanol oxidation as compared to Pt3Cu nanoparticles and Pt/C catalyst.  
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Chapter 4: Conclusions 
Using a two-step procedure synthesis was developed to successfully generate both branched 
Pt nanostructures and dendritic Pt-Cu nanostructures in a reasonably-high yield. It was 
determined that the presence of oxidative etchants such as Fe(III), Cl-, and O2, are essential to 
obtain the single-crystalline seeds with {111} facets activated for overgrowth. In the second step, 
a stronger reducing agent, AA, was used to introduce a fast reduction process to shorten the 
reaction time and produce the branched nanostructure in high yield. The large aggregate in the 
products for each synthesis can be purified easily using centrifugation techniques.  
The Pt branched nanostructures and Pt-Cu were studied for their electrochemical activity as a 
catalyst for MOR. As compared to the commercially-available Pt/C, the Pt branched 
nanostructures have a lower normalized ECSA/gPt possibly due to the lack of carbon support and 
the presence of agglomeration of the Pt nanostructures. The Pt branched nanostructures exhibit 
less poisoning by COad species from MOR possibly due to the presence of more active sites as 
compared to the Pt nanoparticles. Further analysis of the nanostructures is needed. Of the Pt-Cu 
nanostructures the Pt3Cu nanodendrites exhibit superior electrocatalytic activity for methanol 
oxidation as compared to Pt3Cu nanoparticles and Pt/C catalyst. These Pt and Pt-Cu 
nanostructures have future applications for development of efficient methanol fuel cells. The 
synthesis needs further investigation to optimize the ECSA and current densities of both products 
to produce the best product for fuel cell applications. Also Pt-M alloys involving other metals 
that also exhibit improved resistance to poisoning effects and greater ECSA can be investigated.  
Greater characterization by EDX mapping, XPS, and HR-TEM can be examined to better 
understand the final product and possible methods for improving the growth mechanism.  
 
